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Abstract

This paper discusses hat-dncss  assural~ce  and tcstillg tech-
niques to ICS( and evaluate total C1OSC radiation degradation of
high resolution An)  COIWCI-ICI-S,  A 16-bit  ccrllvcr(cr\\ith intcmal
calibration is cmnparcd will] older dc.signs (12-/1 4-bit) that usc
more conventional architectures. ‘1’hc results slmw that mca-
surclnctlts of CJC palalnctcrs  ancl s[atic lit]ca~-it~  at major code
tl”al}sitiolls sllOUld  bc 21ClC(JUalC for llWdllCSS aSSUI”Ul)CC  tCS[i I)/,,

\\itll  collsidmablc cc)s[  salitt~s  colnpaml 10 full ciynalllic  01- all-
codcs  tcstill~.

‘1’he fi~ilurc lc~cl of CMOS and lliCMOS  conl)crlcrs  dc-
pcmls on dose Iatc in a colnplicaiccl  \vay that is IIc)t adcqua(ely
addwscd by l}igl~-tcll~}}crattlr-c  aill}calilly,, ‘J’csts at lo~r dose
I-atcs -below 0.01 rad(Si)/s- aI c.rccolnmcnded  fo~ space applica-
tions of these tccllnolog,ics.

1. lntmducticm

lhlrill~  tlIc IHst t}vo ycals, total dose radia(ion  tests bale
bcri) clone on scvmal  all:llo~,-t[)-cli[:it;ll convcitc]s (Al)(k)  floll~
diff’crcnt lt~:ll~ilfac((lr-crs,  llccausc  high-speed. IIigll-resolution
cmlvcltcrs arc cl-it ical pal-is it) a digital si~nal p~occssin.g 01 clata
acquisi[iol)  systcm, tllc c] ’tilualio]l of J)crfonnallcc  ill tlIe car]}
clcsigll plmsc is lcly inlpor(anl lilcc(rical  cl~aractcri~.atioll
Ics(ing set-up fmthesc dcviccsis  coIIIplcx  al~dtilnc consuming,,
aItd requires cxpc.llsivc  lligh-spcc.d mixccl-sigllal test systems
\\ ’itll cxtlcmcly  loM’ noise and hi@ scnsiti~’ity,  l’or cxamJ>lc, tllc
dyllaloic range of a 16-bit coI~vcr[cr  is bctwccll 1 (M-l 20 d}] al~d
IIllls( 1 cscll\’c vo]lagcs bclm!  1 (K)  I(V. Sc[[ill~,-lqJ :11]  clcclrical
cl~:il:lclc]-i~:ItioII tcsi sys[crII ~!itl~ alloisc. flooI bclowlhis  JCVC1 is
a clKrllclt~iltf~, cffrw(,

This pape[  cliscusscs tcclllliqucs to tcs( ancl cvaluale total
dcrsc radiatiml damage ill higl~-I-esohltion  succcssi\’c-aj)j)I-oxi-
IImtio!l  CCHIVCI  [crs that clil~lilla(ctl~cl~ccd  totes{ each individual
bi( or traI}sitioli,  Various appmachcs  were coniparcd  to scc if
silnJ>lificatioll  could bc made. By sclcctins  critical paralncttic
mcasurcmcnts,  basccl o n  iIltcrwil f:iilurc n]cchanisms, it i s

* ‘llIc  tvot-kdesc]ibcd  inthisp:ipcr was carried nuthythr let Propulsion I atmmto~,
C’allforilia lnslitulc  of”l ccl Inolog,,y,  UIIdCI  cc,ntIact  wit}] tlIe National Aemnautlcs
aIIrl  Space Acfnlinistratiou under ff)e  Ckwini Spacccra{l l’lt,~lm~,tt]c hllSR pJo-
grarm amclthc  M!cro-elcctrorrics  SpaM-  Rarllation  llfecLsl’rogI an) fundcdt>y NASA
}lc:ld(jl]atiers,C{,dcQMJ.

possible lo dcvcJop a sil[ip]ificcl  Icst aJq)roach that \\’ill pro]idc
a good al)proximatiojl  of tlIc converter response fo~- total dose
radiation evaluations aIIrJ si~,llificalltly  rcducc testinp,  COS(S.

11. llc~jce lkscriplicms

A/l ) com’cr[ers  frolll tllrcc differ-cl~t manufac[urcrs al c
cliscussc(i ill this pal)cl. ‘1’llc> alc clcsi~,llcd and Pdbricatcd with
colltlncj~’ial CMOS or lli(:h40S  poccsscs Illal do Iiot t a k e
ladiatioll hardness il}to accouTit. ‘J’bc 1 L-bit comcrtcr  \\ ’as
ctcsigncd by (Yyslal  Scll~icc~ll(l~]c~ol, the 14-bit  collvcr(eris from
Analog] )cx’ices. aIIcl  IIIC 1 ?-bi~ cc) II\cI-tcis\\IcIc  IIlarlllfac((llccll>y
Maxiln. All IINCC dc}’ices usc much higher  po}ver suppJy
\Folta~cs tball diy, ital CMOS, aIId col~scqocultly they have much
thicker [’ate oxidcsj \~llich :id\’c[-scly affects Illcir radiation
IIalclncss [1]

As c onvcrtct  dcsi~li< hate cvollcd  10 illcrcasc resolution,
spc.cd, and acculiic~,  tllcir laclia(ioll toJcratlcc IMS clilninisl}cd.
‘Ihc tolal ciosc l-adiatiol] failulc  lcI’cl fo] 1 2-bit conicr[cl”s Ilas
abou[ 6 },[ad(Si),  tllc l.!-bil co]i\’c.licr\vas  about 4 Jclad(Si),  aud
the 1 6-bit comel  Icl l! as ? kf:](t(Si),  ‘1’lIc l-cason fol clcclc:Iscd
]adiatio]l Io]crancc  ap})c:ils 10 bc rc]atcd (o the i])cmscd  coin -
])lcxily of i]llcl[lal cil cui(ty Il)at is lIccdccl 10 incfcase pcli_crl-
lnauce allcl accwacy, 1101 futldall]ct~t~l  diffclculccs ill tllc mdia-
Iioll rcs~mnsc of illlcrfla] conlponcnts.

lNCII  IIIou@I  IIC\ICI  dcsiglls Jia\c  IHUCII  slnallcx sicj)s bc-
l\Yccll Stlcccssivc bits tllc failul c liloclcs alc gcllcmlly llmrc
~lobal, allci call be clctcI IIiillcd }vitliout tltc cxl[cmc accuracy
lcquircfi to dcicct sill~’lc 1 S1; crlors or lllilloI detriatiolls  in tlIc
Iralisfcl chalacte[  istics. llo\\cvc  I, in additic)ll Icl ~malnctric
tests, it is alsc) illq)orl:illl  10 check tlIc converter functionally
“1’his  II~uL.t  bc dollc OVCI- IIIC  ctliirc vc]Jtagc I-aligc, bccaw SOIIIC
failure ]Ilodes  ]nay aflcc[ tl)c li]lcarily arid ra]lgc only near IIIC
cxWemcs of tllc sjwciflcd ilq)u( l-aIIgC.

Eac]l convcl ler has its cnvn characlcrislics  10 fit lnrious
circuit alplicatiolm  and l)rm’ides flcxibilit~’  for dcsisy applica-
tions. ~’llcthrcc convcrlus  usc diffcrcnl arcbitcclurxs. I’bc 16-
bit dciicc is an uliusual clcsigyl that uscs an intcnlal  mic]oprc)-
ccsscwalld crrorrc.gis[cr  lop~ovidc.  scJf-calibration  of first-order
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Figure 1. CS5016 Functional Block Diagram [2]

inaccuracies. A simplified functional block diagram is .shovm
in Figure 1, In addition 10 the microcontroller and calibration
circuim, t}}is dcvicc  uses a switched-capacitor digital-to-analog
convcrtcr  (DAC).  Although one would cxq]ec( this approach to
irnprovetotal  dose r-ad iation hardness, this device washy far the
most sensitive to total dose degradation. OJ~c Ieason is the use
of internal buffer amplifiers at the reference, analog input, and
gl ound inpni ierminals.  ‘Jlesc  CMOS amplitlem degmded  vev
rapid]y  at low total dose lcve]s.

The AD7872  is a BiCMOS 14-bit successive-approxima-
lion AM’  that consists of a fast-settling output DAC, a high-
specd comparator, CMOS SAR, a track/hold amplifier, an
intcn~al rcfcrencc,  a clc)ck oscillator, and conttol logic.

The ] 2-bit converters have an internal rcferencc vohagc
and clock along ~vith conventional digital subfunctions such as
SAR. conirol and timil]g logic. They arc alscr fabricated with a
BiCMOSprocess.

Testing I’echniques  anti lest Results

Total dose. irradiations we.rc done with a Shepherd caCo
roos[i lypc irradiator with a source slrengtJL clf 10 kCuries for
high dose rate testing. A sinli]ar Co(o source with ICSS  interrsilj’
Ivas used for low] dose-rate irradiations. Dose mtcs as low as
O.(K)2 mct(Si)/s were used for some. of the. ir~-adiations, All test
devices were statical lybiascd  durin~ irradiation Several diffe[-
ent test mc.thods were used to dctemline  ovc]-al 1 performance
characteristics, inc]udin~ integral nonlinearity (Ihq.) and dif-
ferential  nonlinearity @NL).  Static and dynalnic test methods
were compared for the 14-bit and 16-bit converters.

16-hit AM’ (CS’SO16)

The Crystal Scmiconducior  CSSOI 6 16-bit  MD converter
is fabricated with a 3 pm CMOS process with a total power
supply voltage of 10 V. The analog input range is only 4 .S V in
unipolar  mode resulting in an LSB of 68,7 PV, an exlremely
small voltage. As discussed previously, it uses a witched.
capacitor-based architect ure, with int emal microprocessor con.
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Fi[, ure 2. I )Nl, IJcSmclation of 16-bit A/D ConvcrtcI-

trol and error calibration Most other convcflers use a convcl\-
tional al chilectw cwith laser-trinmmd thin-film tcchnolog~’  and
a ladder network based ml current sources.

Despite the internal self-calibration circuit~, the 16-bit
ccmvcr(crfai]ed  I)aralnctrieally  at ~’e~ low total dose levels -=5
krad(Si )- when tested at a high dose rate of 50 r~d(Si)/sec.
Convcl Iersrccovered both functionally and parametrically dur-
ing a 168 hours I oom tell q~erat ure annealing test after they were
irradiated to 20 krad(Si)  at high dose rate, They remained
functional after a subsequent a high-temperature annealing test
(loo “c).

Linca  i iy Testing

A }Iislogranl-based  tes~ \vas set up to measure the COIIVCl”(Cr

linem-itj. The histog,r’anl test is a statistical methc)d of deriving
the con uerter’s dif[e.r cnt ial llonlinearity  (DN1.)  from AC t csts at
a singlf frcqucncjr. [3] A Spcctrallj  pure sincu’avc along with an
ac(ive low-pass filtc]  v’tis applied al the input of the converter.
Only oile millicm sanl[~lcs were Iakcli to limit Ihc tcsl tinlc
petiod, but it pm~idcd cilough illfcu mat ion about the 16-bit
converter performarlcc.  III this test, a code with more or less
occurr  CIICCS than avcrapc ajy~cars as a DNL g,reat er or less than
zero LSD; the top tmce ill Figure 2 shows typical results before
irradiation

Using t}lis tip}~roacll,  DNL failed I}e]o}v  5 krad(Si)  as showl
by the large nurrlbcr  of missing codes after 5 krad(Si) in the
middic  waveform of F~~urc  2 (Note the differerlt  scales for the
three hlstogranls irl the figure). At higher mdiation  levels, large
valiatitms  occurred iu tile frequency distribution including
several missing. codes, and partial loss of functionality.

Although linearitj  errors are important characterization
paramclers,  power supp]y  current can be an effective indicator
of global dcgradatiorl  of either the subthreshold leakage of
internal CMOS transislom,  cwfield oxide leakage. Power supply
eurrenl  exceeded the slmcification limit at 10 krad(Si) as shown
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Figure 3. I%wcr Supply Current of 16-bil P/D (onverter

in Figure 3. Dcvicesfunclionally  failuiat 15krad(Si). This data
indicates t}lat the convcrtcr  is extremely vulnerable Iototal dose
irradiation The data was taken with a test set-up usin~ an
internal clock. Note that power supply current recovered to its
prcinadiation  value afw annealing at room temperature.

Reference Voltap,e  ‘1’cstin~

Thcrefercncevoltagc  is onc of the most critical parameters
bceausc  the rcfercncc  voltage establishes the gain required to
meet thehighly  accurat e specifications of these converters. The
digital output should correspond 10 the ratio of Ihc analog input
signal to the reference voltage with integral and differential
nonlinearity of less than 100 pV. An exlernal rcferencevo]tagc
of 4.5 V is required for operation of the 16-bit  converter an(i it
passes through an int crnal CMOS buffer amplifier and fed to the
internal 16-bit I] AC. F.\’en though the converter uses an
cxt cnlal rcferellcc, changes inthcbuffcrampli  fier~vill  affect the
rcfcrcnce voltage at intcnlal  points tvithin the circuit, Tlte
convcrtcruscs scvcml CMOS buffers, and the oflset ofthclmffer
can bc measured with Ihe standard pinout of the circuit (see
Figure 1),

The vo]tagc at the output of the buffer amplifier was
measured dur-hlg  radiation and ii degraded sevel cly as shown

0 5 10 15 20
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Figure 4. Vrcf Buffer Output Voltage Degradation
of 16-bit A/D Converter

in Figure 4. Note that sig[lificant changes begin to occur at
approxi mat cly 2 kr~d(Si),  an cx~rcmcly lo~v lc~’el,  and tha~
changes of several  hundred LSB  occur at S krad(Si).  This may
be duet o threshold voltage changes in the buffer amplifier. The
gfilcthT cshold voltage shift of MOS devices is the doJniJlant  total
dose radiation problems, [1] Similar buffer amplifiers arc used
in the analog input an(i analog ground paths,

OJtcc an Cxlel”na] J’efc]cnce  voltage is applied to the coJl-
vc]ler, illtcrnal Capacitors i]]thccalibrdted  capacitor army ofthc
convcrtcr  s~vitch  fronl tlic re.fcrtmce.voltagcto  the analog ground
level. d~)eto the SAR al~oriihrn,  ‘he same CMOS amplifier is
used in the internal analc)g input, analog ground, and conlpam-
tor circuitry. The inleli~al compardor  ‘connects a critical path
bctwec~l theoutImt of the internal DACand themicrocontrollcr.
Degradation in the refel c.ncc buffer amplifier indicates that the
othcrbuffcr  circuits uili behave the same \vay under total dose
inzrdialion. Bccausc of t}lc. internal calibr~tion.  the CS5016 can
tolerate significant cllall~cs in the refcl-encc voltage, }low’ever.
the results in Figme 2 SIICNY that the complex architecture is not
capable of con-ccting, fm c}langes cxcccding approximately 50
LSB.

FFT TcA~—----

Thc conver’iel was tcs~cd using Fast Fourier Transform
~FT) techniques to a~lalyz,c the dynamic pcrforrnancc and
measure SNR and THD pa]amctcrs,  Figure 5 shows magnitude
spectrmn  test results at a IIigh dose rate (50 rad(Si)/s) lest. The
noise floor levc] and the distortion of the harmonics incrcwed
treJncndously  at 20 klad(Si). “1’his is there.suit of the incrcascin
the com’ertcr  noise duc to irradiation,

Tesis at ver? low (iosc late  (0.005 rad(Si)/s) shotvcd that
cor]~reflcrssu~ ~’i~cdl[)ucll hi:herradiation  level comparedto  the
high dose rate tcsl results,  The SNR started to degrade slightly
at 9 kraci(Si)  to 8S d}~ ~vllich isthc n~i]lin~unl specification limit,
the inititil SNR vahre wfi$ 91 .S d13. However, no other signifi-
cant degradations UKXC obsc!~’ed  to the final total dose level of
20 krad(Si),
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Figure S. CS5016 16-bit ADC Magnitude Spectrum
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I)ynamic  tests were pcI-rOrlld  with internal amt cxtcmal

C1OCIM. q’hc W’]’ test to measure SNIUI’l  IIJ pammctcrs  did not
work propcdy  with the intcl nal clock bccausc  there was too
mucl)  jitlc]-, Bccausc  calibration, conversion time, and data
throughput time arc dil”cclly scaled with the clock signal, any
noise or dislwbancc  in the clock will induce cmwcrsion  errors.
Thc  Ilmfactmw slalcd  that the intmal  oscillator of the
com’crtm  W3UIC1 wwy from dcvicc-to-ctcvicc  ancl over tcmpcla-
turc. Thus, comw[cl- conversion can he more precisely colI-
trcrllccl using, a!) cxIctINIl clock sigtlal ratl~crthan  tllc marginally
s(able internal clock, ‘1’l)ct-cforc  the convcr(crs  W’C1-C  tcs(cd with
only tllc cxtcmal clock mocle for total dose radiaticrl].

l’his unique self-calibration convc.l-[cr slIo\vecl failures at
low total dose lCVCIS  CIUC to the scl]sitivity  of CMOS dcviccs
unrtcr total dose irlactiation.  Comlncrcially  proccsscd CMOS
dcviccs have the dominanl total doscractialion problems failing
at lmv rtosc ICVCIS \vitlI tllc higl] d o s e  rate tcsl. 1 lowcvcr,
ccrnvcr(ers  showed much higl~cr failmc  ICVCIS with the very loi!’
dose rate tcsl, consistent u’itll the cxpcc[ed  auncalillp, bchal’io~
ofthcsc  dcviccs, [1]

Analog 1 )evices A1)7X72  is a 14-bit A/l) convcrtcr,  fabr’i-
catcd in lli CMOS technology. 11 uscs a com)clltional  architcc-
Iurc, ~viill a compalalor,  int cmal rcfcrcncc,  and succcssivc-
approximaticm  rcgislcr  (SAR) using a cuwcnt-switch  laddc~
nc(work.  It opc~-atcs J\’illt tl]c pow’cr supply vo]tagc of ~5V and
a ~’3V illpu( signal is ] cquil cd.

I’his clcvicc uses a lascl-llillilnccl oscillator as all inlcullal
clock (;oll~’cl-(crs ~tcl-ccq(l:llly  fullc(io]lal with an illicrllal clock
al~cl all c.xtcuall clock plier to iwacliatioll. llmvcve~-, the radia-
Iion failtlrc.lcJcl  oftl~cdcl’icchad  anunuwal  dc}~cliclcl~ccoj~tl~c
clock lnc)dc, ‘1’olal dose tcsl data ~~itll a dose ralc of 50 lad(Si)/
s. a liip,tl dose )atc. sl)owcd that SNR ancl functional tcsk failed
at 4 krad(Si) usinp, an cxtcmal clock. Wl~cn ll)c intcmal Clc)ck
}vas used, failuw  did l~ot rrccu! until 40 k~-ad(Si) as shcm’n in
I;i8um6. ‘I’JICSCICSI ICS(IIIS  SIIO}!  that tlictotal  doscrcspmlsc  CaII

vary substal)t i all! ~i’itl~ dif(’cl  cnt opcratill:, mocles. ~’he ful)c-
Iiorml  failure lcncl of IIIC col~vcrlc]  can bc iln}mJccl sig71ifi  -

lhsc  ltIlc : 5[) r[hd(Si)’s

lNIII)N1.
wj lntcmfil Clock

l(unctiollal
wt kMcrnal  Clock I

I

1 )0.( rtItc 0.00S r+d(Si)/s

Slil{ IN] /l)h’J
(1.I)C-93’15)  (1.l)cws)

,Vhy{ I
I

([lx”  94.13) I
I

I I

“J ohl  l)mc, krdd(Si)

Figure 7. AI)7872  1.JNL “lest Results

cantly, an orclcl-c)f m:i~:tlitude,  ~lsil~gtllcilltctl~al  clock rathcl
(Il:illlllccxlcl-llal  clock ina ci!-c[lital)~)licatiort.

711( cx(crml clock bypasses the last? ttimlncrt inicrnal
clock oscillator, conllcctillp,  the output of the clock circuit
dircctl> l~itlltl]cilllcrll:ll  CMOS coll~parator.  I’hc input cir-
clli(l-!'  (Jitl~c cx(clllalc l()ckil~j>tlto ftllcco l~~'cl-tcrll  sesa(; MOS
analog s)i’itcll lot>y}~:lss  lllciritctllal  Clock, ’I’llco n-cllarac(cl-is -
tics of (’MOSstvitchcs  arcof[cll  highly sensitive tondiation
dcgrartz[  ion, wllicll IIM~ cxp]ail)  the large difrcmnce ill the
circuit hardw.ss  ~vith di rl_clcnt  clock modes.

~,o)? I)osc Rate ‘1’cs(s

Vcl } lo~v dose rate (().()()5  rad(Si)/s) ICS( results for olrlcr
date codcclcIriccs  (1.I)C 9345) sho~vcclthat col~~ct(cls~!’crcf~llly
fullctio)lal with IIo si~llificant  parametric clcg,raclations up to a
lotald(lsc  lclclof?91:r,ir  l(Si). SN}<dt-o})1)cc12  clllbclo~vlllc
lninimllnl spccificalio]l  limit crf W dl~ af(e.r the higl  Icst lcvds.

Ml]ch cliffc]cllt Icsults  occurred fol-a nc~vcr date code from
t}lissalllc ll~:il~~lfactlllcl  (I,l)C’ 9445) ]~l~cll it~vaslcslcdatlo~v
dosc~-a[c.  Assll(~!}Jli  1~l;i~:ll!c7, SN}{s[ar(e.(lto dcglaclcat7,5
kr:ld(Si  ), ‘1’I)c  illtc~il:ll al~d cxlcmal clock nlodes clicl 1101
ilitrodlt;c  al~}dirfclc  lltf;lil LtlcscltltillgJo ~)(loscl-aletcs li)l S, 7’J~c
J cfclcl,:c~olt:t~,cdid  I)ot slloi! any clcglacl:iti(~]ll]lltil  35 krad(Si)
where the lillcalil!  s(a~lc.(f  10 rlcg,radc.

'J'ljcsc dc~riccs arc;llscl  fal~ricatcd  t~illlI liCM()S~Jroccsscs,
allclus[ a colivcntio]lal alcllitccturc.  ‘1’lic C.MOS clc\liccsl~al’c
thick ~:ltcc]xi[lcsl~cc:l~lsc  oftllc 18 \~vcrltagc ra(ill[~, oftlicsc
pal(s, 'I'}lc MX6-/4A  l~:isall il~tctl~alr cfc!cl~cc~ol tag,c,~vl]ic]~
cxcc.cdcd the sljccificaticul limit at rclativcI!  101Y total dose
ICVCIS. Otl~cl~}  isc, tl~r~cs}J(Jlisc oftllct~f;c) dcviccswcrevcr-y
similat.

q’] i-slate lcakaf,c  curt ellt, 107., is onc of lhc mosl imporkmt
rtc pari(mclcrs  al)d it failccl at low ICVCIS  of radiaticm vl)cn lCSIS
were cicrnc at high dose rate. ‘I’hcsc failures arc caused by
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subtlwcsl]old lcakasc  cull c.nt ill MOS tramis(ors  in the output
s(agc, vhic]l  incmascs clue 10 ladiation.

‘1’lIc Ioi. palalnctlic  failorc  is causcc] b~ oxiilc tlaps in the
output transis(ms for’ these lli CMOS clcviccs.  ‘1’hc incrcasc. in
10Z ~vitll ctcviccs statically biased cluling  the hi@~ dose ralc
mdiatioll test is SIIOJJIJI  in tl)c }iigmc 8. 7 ‘hc T apirt rccovcly
cluring an annealing Iimc pcr-iocl at mom tcmpmaturc  indicates
that thclotal  doschardncss  is shongly affcctedby  the dose rate.
[4]

],mv IJosc Rate. ~@s

At ali illtcrlncdiatc  dose mtc ((),()1  racJ(Si)/s),  10Z no ]onp,cr
dominated the radiation behavior which is collsis(cnt with the
intcmal failure mccllal)isln and IIIC auncalin:,  rcwlts aflc] lcsls
at high d~sc ri]lc.  l,CIJ!I dose ]atc twI mults sl~o~vc.d  that thc
lincarily oflllc MX7672 convcrtcrfailcd  al 11 Jiracl(Si); IN], and
DNl. d i d  IIOt cl)al Igc sig,llificanlly a[ hig,ll d o s e  rates unli]

approxilllatcly  20 kwcl(Si).

1)(’ palal)]ctcls  illcludill~ IOY. sl)m~cd so]nc (Jcgradatio]i  al
11 ktacl(Si), bot all V’CI”C )\rilllin specification lilnits. lCIZ s[ar[cd
cxcccd  tllcspccificatiol]  limilsat  13 krad(Si).  ‘1’bus, al intcl-nlc-
cliatc CIOSC I-ate. li)~carity clcgradaliml dominates the dcvicc
IC$ )Ollsc.1

At IOWC[ dose rates, these cmwc]tcrs  fail ccl catas[l-ophi tally
at ~’CI-y  low total dose 1 CVCIS.  At 0,002 rad(Si)/s, catastrophic
failorc occorl-ccl at approximalc]y 7 krad(Si); the catastrophic
failwc  lCVCI il~crcasccl to E] 2 krad(Si) al 0.005 rad(Si)/s,  I’llc
catashophic  failwc  is assumed 10 be caused  by MOS threshold
shift. and probab]~  OCCUI”S  bccausc. of net positive shifts clue to
I-cbound.  chlcc catastrophic faihwe  occurl”cd sow outputs were
sIuck high. Annealing, at mom tcmpcmtwc  did not aff’cc(  tlIC
S(UCk biis.

‘1 ab]c ]. }]ardllcss Co]nI)aT-isml of ‘1’cchl)o]ogy

l’owcf supply

])g\:iL  : :J’c Ch Y[ll(Hy,c  IGll}r,c J.sll
(:s5[116 Chlos  - 1 ()\’ 68.711\’
(16-11,1)

AI)7>72 lliChfoS I(JV 366 n\’
(]4-111()

Mx’lh72 lliChloS 17\l 2.441DY
(12-111[)

I\~. ]]al-cll~css  Asslll-allcc’J’ccllIliqucs

.4. l’r[)c(’.vs Ywltl[)lq:p

}Ialducss  assul-allcc tcsting,rcquilcs  a trade-off  bct~vccn
electrical Icsting, and lcil~,ll)~ iwdiations, sotllat tc.s(inp,  cos(
al~(ltil~~c  llltlstbc lecl(lcc(l;  ]slll~]cl~z  ls1~ossit)lc,  ll~itiallyit~~’otllcl
appear- that the mngc of tl~c ilq~ut ~’oltagc ~vcmld bc the ma.iol-
factor for scnsiti\ity  of lhc lillcarit~r failmcs  in AD( opcr~tioll,
btlttl~c }ll-occss  tccl~l~ol[l{:~cl if fcrcllccs, CMOS vs, }3iCMOS,
~vcrc mo~-e critical durill~; ladiatioll  hardness assurance tests.
“1’able 1 summal”i/cs  IIIC JCSUIIS of the l@tal dose tcslillg for bolll
Iccllaolo.gics

?’hc cxtrcmc scnsitif’ity  ofthc  CL40Sproccss may bccluclo
the (Jifflwlty  of dcsiy,llillf, lit~car alnp]ificrs t}’ith low offset
~wltagc. compared to Ili(lvtoS proccsscs,  udlicl~ usc bipolar
tral~sistc~l stl~at:il  cillllci  r)ltl!l )ct(crl ~~atcl}cclt lla1l(1MOS. [5]

Ii. Adco\/irct~]e)?  [, Y<lcc:/icl)]

‘I’I-CIIICIK1OLIS  cfforl  is ~cquircd  ill OICICI  to test  a hipll-
rcsolutioll  and lligJ}-speed AI)C fo] full specifications. For
cxalll~~lc.sct~il~~,ll]]a  SIQJ<tcs[, dyl~all~ic l~:}r;ill~ctcr  tcs[fol  16-
bit Alj( s with sn]all ill]~ul ]ang,c is ~cr} difficult bccausc Ihc
IIoisc flool- sl~ould bc at around - 1 2 0  cIII. II) ccmtras{. d c
paramc[crs such as]cc. IOY. V1-cf.  and Voh/Vol  alonp, }villi a
static functional  Ics[ ca~lbc easily set up al~d measured ~}ritl~ a
di{:ital t(stsysicIli~  vitll:~} ]rccisc:lllalo~,s  i~:lIalsollrcc,  Figlllc~
SIIOWSI1)C appl-clxinmlcl clalimlship  bctw’cell cost ancl clifficulty
Ofthct(’st setup of AI)(k  ‘lllclllcasLlrclll  cllt SCt-U}>fOl”  S(ati C
lincario  ~~arall~ctel-s ca(ll>c lillli(cdt orcg,iollsl  lcart1allsi(ioll
codcsal!d call t~cacl~iclcclt  vitlloLlt  expcnsivctcs[  equipment.

‘1’hc COSI  of a slatic tcs[ w’ould be only the fraction of t]IC

dyll:ill~ic  paralllcllict csiit~~, Ahislogtan ]teslisrcquirc dfortl)c
dyllal]lic lillcarit3tcst  l~Fl(’J’tcst  sct-tlJ~for  SNRlllcasLlrcl~~  el~t
isl’cry (iifficolt :~lldlloisc  istllclllajor l>rot~lclll, ‘J’his  dynamic
test scl-ll~~l~ot  olilyrcql]i lcsdclicatc eqLliI)ll~el~t  and cxpemivc
precision tcsl systc]lls bu( also rcqoircs time consuming p~-cpa-
raticm
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l~i~ul-c. 9. Selection of I’araliIctric  Mcasurcmc Ms

Chlrtcsls of’ 14-bit  allcl 16-bit ccmwlcrs inclucled slatic and
full dynamic tes(s; tllcscl-cstllts} vcrc discussed earlier-, FoJ both
commlcrs  the radiation failul-c mode did not clcpcnd cm the
tcs(illp, lnodc, cxccpl fol ]ioisc, which call bc c\ziluated ~villlout
full dynamic tcs(ing ‘J’l)is sug~cs[s tl]at a  slatic tcslil]~ a p -

proach, cvaluatin~ INI, and I> NJ, ncaI each n~aio] lransitio]),

\vill bc a d e q u a t e  foI- radiat ion {CS[S.

1,ol-to-lol va[-ialions i!) tllc ]-csults of radiation Icsling ale.
clearly impmlant fOl])aT’dl)CSSaSSlll’~  llCC. Substantial difference
inl~ardncss  occurrcdfol-diffcj CM dale.codcsofthc 14-bit and 16-
bit comrcrlcrs.  For the 16-bit co] wcr[c],  lhc older dat c code
dcviccs per-formed bctlcr  initially ancl also duc 10 Iotal dose
T-adiation. F’or  t h e  14-bit  AI)(’,  AD7872,  lIIC ]atc] date COCIC
failcd~~:il-al~ ~ctl-ic:llly ala lo~icriotal dose level. }Jif:ul-c 10 SI}OIJS
SNR dcy,radatiol~ of two diffcrc.nl  lot dale COCICS of tl)c 16-bit
coil\’cl”fcl”.
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Figure 10. SNR IJcgradation of 16-bit  AI)CS  from I’wo
I)iffcrcnt  Date Codes
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}:igurc ] ] 1 )OSC’ }<atc Dcpcndcnce  of A1)CS

The 14-bit ai~cl 16-bit col~J’crlcrs sho~vcd  significant im-
pI-o~Jcmcm  of’the total dose f’ailurclcvc]  at tllcvcl-y  lo~Y doscratc
of 0.(  KE’. (), (K)5 rad(Si)/s colnparcd  10 IIIC low dose Iatc and the
high closcratc  as shmvn ill k:i~,urc 11. I’hc advantage ofthcvery
lCNV dose ratclcsting  islhat  lIIC degradation ~iill bc]css  and the
Iotal dose failul-c lCVCI  CaII  bc much l)ig,hc.r.  }IOJVCVC.I-,  tllc very

IOIJ  C1OSC l-atctolal dose tcs[illp,Jiill takclnucl] lol~~crtil~lc~)cl-iod
tO COlllJ))CtC.

Altllcmgh allcrllati~c Icdmiqucs  ha~’c bcc)l dcvc]opcd  for
hardacss assurance in di{:ital CMOS dc]’ices that use higl~-
tempcmlurc  anncalin~’, af~cr nigh dclsc ralc tcsiillp,  to avoid the
need to lc’st at Io\f dose late tests, these tcchlliqucs are lisky f’o!-
Afl) coJl\rcrtem,  l’hrcc fac{urs n]us[ be considcrccl: l;irs~, lhc
tclnpcra[urc, used fol IcllouIId tcs[il~g ]nus(bc carefully sclcctcd
ill o~dcl ICI make sure tlla[ all of IIIC holes rccoI’cr. and Illat IICI
inlcrf~c[ tlaps almcal. 1,/1 ) comcr(c.rs  dcpcl]c] cl-it i tally OD
s]nal] ntismatchcs ill iutcilial coIII]IcIJIcIlls, aIId }vill l i k e l y  bc

m o r e  scllsiti~’e. 10 sIIIall  differ  c]~ccs bct}vcc]l l~igll-tcl~~l)cr:lt(lrc
am)calillgalld  IOVI closc]a(cri:itllag,c.  Sccon cl, Ihcscarc  complex
dcviccs Ivith SCVCMI possible failulc.lnodcs. q’hc Clcp,t adation is
of(cn  hi~:llly nmtlillcar v illl C1OSC, ~vl~ich makes it difficult to
iIlterprcl the results of a I cboulld  Ics(. IJiually, BiCMOS
Com’c]-lt  ts col~taill billola]  as well as CMOS slruchwcs,  and Ihc
llif;l}-tcll llJcI-at(lr-cr  ct~(~Llt L(ltcstllasllolt)ccll shown tobc  cffcctivc
for bipolw dcviccs.  II) addilion.  so]i]c bipolar dmiccs  exhibit
close-ralr. effects. that would  not bc p]c)pcdy silnulatcd by higl~-
tcmpclalurc  rebound lcstil~p,. ~’bus, lo~v dose rate tcstiltg is the
preferred approach for p] cscnt teclmologs  M) coll~’crlcrs.

l:. lnlrI  tlol/hMcr}lol [lIocL ,Vc’lPdiotl

An investigation vas conducted vitl]  the CMOS 16-bit
Al~Clcl cvalualccliffcrc~lccsi l~dc~'icc~~crforjllal~ cc}viU~illtcrllal
and external clocks. lnilially SNR of 91 dI] coulcl bc measured



● ✌ ~titl~ I1]C cxtcmal clock. l-lowc~cr, widl the intc~nal  clock SNR
~lasonly  69 d[l, ~vllicl~~v:lsbclo~ vtl~csl)ccificatioli  limit (M dFl),
This tvas duc to jiltc!- in lhc internal clock, Dcspile internal
calibration circuils, tbc noise of tbc iIIl CIJIal  clock made lhc
mcasurcmcnt  of the SNR ofdwiccs  impossib]c.

The 14-bit BiCM(M COIWCIICI’,  AD7872pcl-formed equally
with inicrnal and cxlcmal clocks during  prc-electrical charac-
tcl-izatioll  tcsls. ‘J’llcrcf’orc.  total dose radiation testing ~J’as
conduclccl on Ihc col~~’ctlcr~]sil~gl>otli clock IIIOCICS.  Significant
clcgl-adalion diffcrcnccs  were observed with intcnlal  and CXtCI--
na] clock ]nortcs,  4 kraii(Si) }vitll cxtcmal clock and 40 kraci(Si)
~tith intcrilal clock mode. As cliscusscd  earlier, this islikcly  duc
to tllc dcsigll uscci for the intcmal clock, ~vllich uscs analog
sivitchcs  tl}at arc potcutially  very susccp[ib]c  to radiation danl-
ag,c. Similal - ciiffcl-cnccs in racliatioa ]-csponsc  with intcmal and
cx(crnal  c locks have l)CCN rcporlcd by ~’urfiingcr fw AflJ
conl’cl-tcrs  from atil’allccd oxicic-siciclvall  processes, [6]

111 a cil coil dcsip,ll a}>}~licatioll,?)lol~cr sclccliou ofthc  clock
lnodc call not olily impm~fctbc  dc~’icc operational fullc(iol~ality
but also ilnplovc the ladialion  Pailul c Icvcl clf clcviccs al~d
s! ’slcms. ‘J’ltcrcsultsa]so  sltol}’  lllcilllj)oI-lal]  ccof spccifyj])glcst
conditio]ls to match actual operating mocics.

}7. I)iscL]ssion

Oncoftllcmos[  scllsili~~cpal-:llllctcrsill  static cicparalncttic
Icstillg  of convcrlcrs is Illc rcfcrcmccvoltagc.  Thcrcfcrcncc
~'oltagcis (lircctlyl-clatcd  tolillcal-ity ~)cl-forll]al~ccof  convcllcrs,
lor 12-bit con~ct”tcrs, sliglil CIIWIECS ill the slope of the transfcl-
fullctio]l cuwc  duc to rcfcrcllc.c vol(ag,c dcgladalion  were clb-
scwcd al low raciialiol]  levels, IIo}vcvm,  larg,c Cliscontinutics
Jvllich rcprcscntccl  tllc loss of major code tmnsilions  were of(cn
observccl at IIi.ghcr radiation levels. Some cmwcvlcrs  ]iavc
calibration circtlits 10 aulolnatically  lang,c variations of the
rcfc.rcl~cc~  oltap,c, ‘I’llclcfclcllcc~ olttig,cl]~~lst bc slab] callcl
prccisc. especially fora 16-bit  colwcl-lcr.  l;ccauscofthc]argc
offsc~ in the il}tcrj)al buffer amp]ific] dllc to irradiation. tl~c
~-cfclct~cc~~cllt:lg,cto tllccomcr[cr~v asscvcrc]y  dc,graclcd and
ca~lscdt  l~cl:lrgcst  clcgradalio]l illtllc~>clfol-lilallcc characlcl-is-
lics,

‘l’l~cil~lcl-t~al  CMOS amplifier  and comparatorof  a con-
~’cricl-  aIc ctitical  co]npo]lcnts.  and  SIIUI1l chalI~,cs in tl\cil-
cl~arac(ctis(ics ca]~ causcstatical)d  clynamicpa~-all ~ctricfailurcs.
l,cakagc  cuwcnt allct threshold voltagjc  in CMOS anlplificrs  and
cmnparatol-s arc cx(rcmc]y  vulncrab]c to total dose irradialicm
and ~vill dircctl!  il~trocll]cc"fi~  illll-cstotllc o~~cl-allfllI~ctiol~ ality of
a convcrlcr,

1 ,il]carit y cl-rors ill successive-approximation A/1) convcll-
crs arc causcci by bit ~vci~lltcd errors or comparator dynalnic
errors. [7] ll~:isclf-calit>  r:ltil~g col~~~cflcr, coll~l>arator  dyj~al~~ic
errors can also contribulcto  in linearity errors, if the comparator
docsllot  have cnougl~iimcto  sctllcdllrillg  cacl~bit dccisio]l

making  ]Jroccss  in tllc stlcccssilrc-approx  imation algol-ithm
‘1’hcwolst-case codcsfo]  coll~l~aratordyl~al~~ic crromarcthc
lllaiol-tl;lllsitioll co(ics,  especially at tllc half  of thcfuli scale
codes. 7Jlcrcforc,  tllclalgcs(l  illcar-ityf ilii~lrc~vilib ciT~trodllccd
at the ma.i  or transit ion co(ics whcrcthc largcsl bit -weight cd error
occurs.

Noi~c figure of tllc ICS( setup is ~cry critical fol com’cr(cr
tcs[ing, Agood~,t(]~]!ldi  ll~,icclll~iqtlca ll(lslloI-tl  cads1~~~lstbc
used to minimi~c  noise problems. A spcclraliy  pure input
sil~ct}’a~’c\Jl}iclI catll)c:tcliicvcci~~itl~ a])rol)crfiltcrl~~llstbc
a]>j)licd  t(lcol~Irct [cl-sfolcl y]l:lll~ic}  )cr-foljl~:il]cctcs ts. Usuallyit
is ncccssary  to fabl-icatc  a custom pritltcd cil-coit boar(i must bc
fal>ricatcci toiiltcrf:lcc ~~itl~ otllcrhard}varc  that providcsforcing
function. buffcril}{:,  switcllin~,  al]d II]casurcn)cll[ capabilities
and slill[)rovidcslc~}~l~[)isc

I)iflcl-clll  tcslai~tori[llll lscalll-cd~lcc tllccffccts  of1]oisc,  A
}yil~tiotf )l~gl)SP tccl~lli(i~lc  ll-l~lst bc~lscd  forl;FJ`  data of S N R
~l~cas~llcll~ci}lsfo[ :il~(l]]-collcl-cl~(tcst c.1]~’ironlncllt. A window
~~ill gcl rid of tbc sidclobcs amun(i the peak fuwlamcntal
flcqucllf  y of a llla~:[litu[ic sl)cctru]u ancl will improve tbc SNR
l]~casl]rcl]~cl~ tsip,tlific:ll~ tly. li}lod~~!’itltlo~ v(5-lcrll~s)~  ~lasllscd
to measure the SNR frolll the ma~l~ituric  sl)cctrum  al~(i it is
sl~o~\llilll;ig~lrc5. [’l]

A~l~mgiT~gc  al~alscll ~cllsccit  olcdllccl~oisc crlor. Evc]l
tl~ougl~soll~c  systcl~~ati(c  ticJ1scal ll>crctl~o~'cdl>y calibration,
llllccrLai llticscall  l>c]c{i{lcc{l  }~'i(li  a}'ct-agillg tccl~lliqllcs,  Tcn-
s~!cc})sltcrcavctap,cci fol (hc SN1{l~~cas~lrcIl~cl~t of 16-bit ADCs
asshowjl inh’i~,  ulc 5 an(i tllcttllolc  a~’clag, illg, }~roccsstc)oklcss
than o]l[  minute.

VI. CCmclLlsjmK

Hijl~-speed. IIig}l lcsolutioll A/I) comcl-lcrs arc onc of tllc
kcy Colllpollcntsill m:ul} space clcct]o]li csystcms. “1 cstinp, sIlcl)

complc’t dcviccs is a cllallcllp,ill~  task, cspccialiy hatdncss
assurall:e  racliatio]l  tcsling,, A simplified Icsting Slralcgy is

c]ucial fo~- c~raluatioll o f  tllcsc con~’cl-lcrs witllill a  pmjcclccl

budget al)d SChC(]UIC. ‘1’IIc test apjmacb  ]nust bc capable of
providirtg dia~,aos(ics  of kc! col~tc~-lc~~)c] -fol-lt~al~cc  and failure
modes. lliascol](li li(llis lll(lsi l~ccarcf~ll lysclcctc(l  tolll:ll:eslllc
IIM thr test rcsuits  al c Jalid fo: the application

A ~’1-cal deal of cffol [ ~ws cxpc.r~deci to Icst  these comcrtc~s
to the limits c)f thcil l~lccision and accurac!’.  II WCVCI.  the
results sho~vcd that SIMII  chanp,cs in SNf<, INl,, and DNL were
unimportant until CJ1]ICI  nlorc easily measured dc paralllctcrs
cxl]it>ilcd subsl;]]~tial ci]:ll]gcs.  ‘I’hus, doing lcssclaboratclcs(s
of(lyl~:lll~ic  pal-ail ictcrsallci lillcaritics  appears to bcadcqllatc,
and wili save collsidclablc effort and COSL particularly for
coll~’cl icrst!’itll lli~llrcsol~ltioli ‘I’l)cr-cfol-e,  I~[~~>aralllctric lcsls
with  S[iltic  linca~ity  lncasulclncnts  at major codctransitions  arc
l-ccomlocndcd as a nlillilnuln SC( of mcasurclncats  for hardacss
assurw!cc  tcsls.
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I’hc rcfcrcaccvoltagc  is a cl-it ical dc parameter’ for linca~ily
mcasurclncnis  and for ccmvci-tcr functionality, and dcgradaticm
of internal mfcl-cnccs  was onc oflhc  imporlant failure modes of
the 14-bit  ald l(i-bit com’cl-lcrs,  It should bc measured along
wilh otllcrdcl>ara]~~ctcrs to characlcrizc  the st:]ticpcr-forj~  lal]ce
of convcrlcm  I’hc dil-ccl rclatiomhip  to lincaritics  with other
p~-ocess rclat cd internal dcviccs of converters make the effects of
tllcrcfclcl}ccvo  lt:lgc more COWICX  and difficult to understand
USC of an cx{crnal  rcfcrcncc  generally impl-ovcd  the radiation
hardness.

A 16-bit  Convcl-tc] wilh SC] f-calibl-alioll was also t cstccl.
l]owcvcr,  doe to basic momlilhic  CMOS process fabrication,
and the way thal the circuil design was implcnmted,  it actually
performed ~lorsc tl]an the other two convcrlcrs which used
BiCMOS tcchnolosy  and conventional architectures.

Fiaally,  coIIYcI-tcI-s ~~cre all affcclcd by doscra(cs. k’o~-two
of the Convcl-tcm.  radial ion faihwc levels were significantly
impro~’ccl at vc]-y low close I-atcs.  1 lowcvcr, the pcrformallcc  of
the third Com)c]tcl- was much worse at vcI-y low dose ralc. The
doscratc  scl~silii’ity~tras }~rollal~ly  catlsccll~ytl~c il~tclplayofl]olc
and iniwfacc  traps that occurs in h40S dcvicc. [8] IIowcvcr, the
complcs  clcsiga oflllcsc  cowcr(crs  and tllcpossibilily  of many
difrcrcnt failure mechanism makes it difficult 10 interpret Ihc
dcvicc J-csponsc at cliffcjcnl dose ralcs.
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